
Gene therapy for the Nervous 
System

I fattori neurotrofici

La sopravvivenza dei motoneuroni delle corna anteriori del midollo spinale dipende strettamente dalla 
produzione di fattori neurotrofici da parte del muscolo innervato: solo i neuroni che raggiungono il muscolo 
bersaglio durante lo sviluppo sopravvivono, mentre gli altri vanno in contro ad un processo di apoptosi.  
I fattori neurotrofici nell'adulto controllano la sintesi proteica e la sintesi di neurotrasmettitori. 
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Families of neurotrophic factors

1. Neurotrophins: NGF, BDNF, NT-3, NT-4 
2. GDNF: GDNF, neurturin (NTN), artemin 

(ART), persephin (PSP) 
3. CNTF/LIF R. Levi Montalcini

A healthy 
brain

A brain 
with AD

How the two brains compare

 • The cortex shrivels up, damaging areas 
involved in thinking, planning and 
remembering. 

 • Shrinkage is especially severe in the 
hippocampus, an area of the cortex that 
plays a key role in formation of new 
memories. 

 • Ventricles (fluid-filled spaces within the 
brain) grow larger.

Alzheimer’s 
Disease

Dramatic loss of 
cholinergic neurons

7% of people over 65, 40% over 80

AD progression in the brain

 • Earliest Alzheimer's – changes may begin 20 years or more before diagnosis. 

 • Mild to moderate Alzheimer stages – generally last from 2 - 10 years. 

 • Severe Alzheimer’s – may last from 1 - 5 years.

Reading wordsHearing words

Thinking about wordsSaying words

Early 
Learning and memory 
Thinking and planning

Severe 
Communication 
People recognition, personal care

Mid 
Speaking and 
understanding speech 

No effective therapy available able to modify disease progression
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Text

NGF prevents cholinergic neuronal 
death in rodents and primates and 
restores cortical cholinergic terminal 
density in aged primates (dogma 
revolution: growth factor biology era!!)

protection of basal forebrain 
cholinergic neurons after axotomy 
reversion of age-related atrophy 
improved learning and memory

INITIATION OF 
CLINICAL TRIALS

NGF therapy for AD
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NGF is relatively large and polar 
molecule compared with most drugs 

NGF does not cross the BBB: it requires 
CNS administration 

Adverse effects arising from cells (other 
than cholinergic neurons) expressing 
NGF receptors: pain (stimulation of 
dorsal root ganglion nociceptive 
neurons), weight loss, sympathetic axon 
sprouting in the cerebral vasculature, 
Schwann cell proliferation.

GENE DELIVERY
8
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Ex Vivo NGF Gene Therapy for AD

Nat Med. 2005;11:551–555

Skin biopsy to generate primary fibroblast cultures 

MLV-NGF vector to secrete hNGF within a range of 50-75 ng/106 cells/d (3 
dose cohorts enrolled) 
Initially subjects were treated in a sedated but wakeful state but 2 subjects 
moved during injection resulting in intraparenchymal hemorrhage. 
Subsequently, all subjects underwent general anesthesia.

One individual died 5 weeks post NGF 
delivery: cholinergic axons robustly 
extended toward the site of NGF gene 
transfer

Stereotactic injection close to the  nucleus basalis of Meynert, 
from where cholinergic neurons project toward the whole cortex
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Mean follow-up: 3.5 years 

No long-term adverse effects 

Serial MRI and PET scans: statistically 
significant increase in cortical glucose 
uptake after 6-8 months (AD normally 
results in a steady decline)
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Cognitive tests not conclusive but 
suggestive of possible reduction in rate 
of decline (Mini-Mental Status 
Examination and AD Assessment Scale-
Cognitive sub-component)

Conclusions
1.NGF can be delivered safely to the brain over an extended period using gene 

delivery but needs general anesthesia or deep sedation 
2.Degenerating cholinergic neurons of the human brain exhibit trophic response to 

NGF 
3.Broad cortical regions demonstrate enhance glucose metabolism 
4.Larger, controlled, blinded clinical trials of NGF delivery are warranted

MAY 15, 2014

Sangamo BioSciences announces positive 
data from the Phase 1 clinical trial of CERE-110 
(AAV-NGF), a gene therapy approach 
designed to deliver NGF for AD treatment. This 
novel product was developed by Ceregene, 
which was recently acquired by Sangamo.

Results 
AAV2-NGF was safe and well-tolerated for 2 years. Positron emission tomographic imaging and neuropsychological testing 
showed no evidence of accelerated decline. Brain autopsy tissue confirmed long-term, targeted, gene-mediated NGF expression 
and bioactivity. 

Conclusions 
This trial provides important evidence that bilateral stereotactic administration of AAV2-NGF to the nucleus basalis of Meynert is 
feasible, well-tolerated, and able to produce long-term, biologically active NGF expression, supporting the initiation of multicenter, 
double-blind, sham-surgery-controlled trial.

Stereotactic gene delivery of 
AAV2-NGF for AD



sure whole-brain, hippocampus, and lateral ventricle
volumes.30,31 Total brain volume, total ventricular volume, hip-
pocampal volume, and rates of change were calculated for
analysis of treatment effect after study completion.32,33

Blood, Serum, and Urine Assessments
Blood samples were collected at baseline and at each post-
baseline visit for standard clinical chemistry and hematol-
ogy panels, as well as AAV2 and NGF antibody titers. Apoli-
poprotein E genotyping was performed using real-time
polymerase chain reaction restriction fragment length poly-
morphism analysis. Genomic DNA from blood was extracted
using QIAamp DNA blood maxi kit (Qiagen) and apolipopro-
tein E genotyping performed using Applied Biosystems
The TaqMan SNP Genotyping assay was run on a Bio-Rad
CFX96.

Statistical Methods
Efficacy analyses of all primary and secondary measures were
based on a modified intention-to-treat population. Mixed-
model repeated-measures analyses were used to assess be-
tween-group differences in change scores from baseline to
month 24. The dependent variable in each mixed-model
repeated-measures analysis was change from baseline. Mean
change from the baseline and 95% confidence intervals are
presented for each outcome measure. The following covari-
ates were included in models testing efficacy: baseline age, sex,
education, presence of apolipoprotein E ε4 allele, baseline
MMSE score, and baseline hippocampal volume. Safety analy-
ses were based on summary listings of adverse events, with
Fisher exact test used for pairwise comparisons. Safety analy-
ses were based on the full intention-to-treat population. The
convenience sampling method was used for this study and was
sufficiently powered to assess feasibility, safety, and tolerabil-
ity but was not adequately powered to assess efficacy.

Results

Safety and Tolerability
No differences between the AAV2-NGF and placebo groups
were found on laboratory test results, vital signs, or physical
examinations. Five participants (10.2%) demonstrated nomi-
nal increases in anti-AAV2 antibodies, but these differences
were not considered clinically significant. No participants de-
veloped anti-NGF antibodies. Adverse event collection began
at screening. All adverse events reported were deemed by in-
vestigators as either not related or unlikely related to study
drug; as a group, none showed any evidence for an AAV2-
NGF dose relationship. A total of 628 adverse events (431 mild,
159 moderate, 38 severe) were reported (349 in the treatment
group, 279 in the placebo group) (Table 2). The most common
adverse events were headache (19 of 26 [73%] in the treat-
ment group vs 16 of 23 [70%] in the placebo group; OR, 0.845;
95% CI, 0.203-3.504; P > .99) and dizziness (10 of 26 [38%] in
the treatment group vs 9 of 23 [39%] in the placebo group; OR,
1.027; 95% CI, 0.278-3.774; P > .99). The most common seri-
ous adverse event was coronary artery occlusion (3 of 26 [11%]
in the treatment group vs 0 of 23 (0%) in the placebo group;
OR, 0; 95% CI, 0-2.680; P = .28); these occurred during 9 to
18 months after gene delivery and were therefore unlikely to
be related to stereotaxic surgery. The second most common
serious adverse event was convulsions in (2 of 26 [8%] the
treatment group vs 1 of 23 (4%) in the placebo group; OR, 0.551;
95% CI, 0.008-11.301; P > .99).

Most adverse events were mild in severity (431 [68%]
of the most common adverse events were mild; 159 [25%]
were moderate; and 38 [6%] severe). There were no ongoing
adverse events that could be attributed to AAV2-NGF. No treat-
ment-related alterations in laboratory parameters were ob-
served. All reported serious adverse events, and any adverse
events that occurred in more than a single participant are
listed in Table 1. There were 6 deaths (4 in placebo group, and

Table 3. Change on Outcome Measures at 24 mo (N = 49)

Outcome
Measurea

Mean Change (95% CI)
Placebo Group
(n = 23)

Treatment Group
(n = 26) P Value

ADAS-Cog 11b 9.11
(4.46 to 13.57)

14.52
(9.86 to 19.18)

.17

CDR-SOB 2.81
(1.34 to 4.28)

4.75
(3.20 to 6.30)

.09

mCGIC 5.33
(5.06 to 5.60)

5.59
(5.26 to 5.92)

.21

MMSE −4.17
(−6.84 to 1.50)

−6.18
(−8.36 to 4.00)

.16

NPI 9.18
(−0.71 to 19.07)

6.61
(1.85 to 11.37)

.95

ADCS-ADL −12.94
(−22.13 to 3.75)

−17.65
(−24.49 to 10.81)

.61

Abbreviations: ADAS-Cog 11, Alzheimer’s Disease Assessment Scale–cognitive
subscale; ADCS-ADL, Alzheimer Disease Cooperative Study–Activities of Daily
Living; CDR-SOB, Clinical Dementia Rating–sum of boxes; mCGIC, modified
Clinical Global Impression of Change; MMSE, Mini-Mental State Examination;
NPI, Neuropsychiatric Inventory.
a In almost all outcome measures, there was a trend toward worsening in the

treatment arm.
b There was no statistical difference in ADAS-Cog 11 at 24 months between

treatment and placebo arms. Mean (SD) change was 14.52 (4.66) for
treatment vs 9.11 (4.65) for the placebo group (P = .17).

Figure 3. Bilateral Posterior Cingulate Change in Regional Cerebral Blood
Glucose Metabolism
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Change in bilateral posterior cingulated gyri decreased by 0.152 (95% CI,
0.128-0.176) standardized update value ratio (SUVR). In the placebo group it
decreased by 0.142 (95% CI, 0.124-0.302) SUVR.
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Adeno-Associated Viral Vector (Serotype 2)–Nerve Growth Factor
for Patients With Alzheimer Disease
A Randomized Clinical Trial
Michael S. Rafii, MD, PhD; Mark H. Tuszynski, MD, PhD; Ronald G. Thomas, PhD; David Barba, MD; James B. Brewer, MD, PhD;
Robert A. Rissman, PhD; Joao Siffert, MD; Paul S. Aisen, MD; for The AAV2-NGF Study Team

IMPORTANCE Nerve growth factor (NGF) is an endogenous neurotrophic factor that prevents
the death and augments the functional state of cholinergic neurons of the basal forebrain, a
cell population that undergoes extensive degeneration in Alzheimer disease (AD).

OBJECTIVE To determine whether stereotactically guided intracerebral injections of
adeno-associated viral vector (serotype 2)–nerve growth factor (AAV2-NGF) are well
tolerated and exhibit preliminary evidence of impact on cognitive decline in mild to
moderate AD-associated dementia.

DESIGN, SETTING, AND PARTICIPANTS In a multicenter phase 2 trial, 49 participants with mild
to moderate AD were randomly assigned in a 1:1 ratio to receive stereotactically guided
intracerebral injections of AAV2-NGF or sham surgery. Participants were enrolled between
November 2009 and December 2012. Analyses began in February 2015. The study was
conducted at 10 US academic medical centers. Eligibility required a diagnosis of mild to
moderate dementia due to AD and individuals aged 55 to 80 years. A total of 39 participants
did not pass screening; the most common reason was Mini-Mental State Examination scores
below cutoff. Analyses were intention-to-treat.

INTERVENTIONS Stereotactically guided intracerebral injections of AAV2-NGF into the
nucleus basalis of Meynert of each hemisphere or sham surgery.

MAIN OUTCOMES AND MEASURES Change from baseline on the Alzheimer Disease
Assessment Scale–cognitive subscale at month 24.

RESULTS Among 49 participants, 21 (43%) were women, 42 (86%) self-identified as white,
and the mean (SD) age was 68 (6.4) years. AAV2-NGF was safe and well-tolerated through
24 months. No significant difference was noted between the treatment group and placebo on
the primary outcome measure, the Alzheimer Disease Assessment Scale–cognitive subscale
(mean [SD] score, 14.52 [4.66] vs 9.11 [4.65], P = .17).

CONCLUSIONS AND RELEVANCE This multicenter randomized clinical trial demonstrated the
feasibility of sham-surgery–controlled stereotactic gene delivery studies in patients with AD.
AAV2-NGF delivery was well-tolerated but did not affect clinical outcomes or selected AD
biomarkers. Pathological confirmation of accurate gene targeting is needed.

TRIAL REGISTRATION clinicaltrials.gov Identifier NCT00876863
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This study provides a lesson on historical controls because it was performed after an open-

label phase 1 trial on 10 individuals seemed to show stability and decreased cognitive and 
functional decline compared with historical controls. 

The fact that no benefit was evident in this randomized, double-blind phase 2 study 

emphasizes the lack of scientific validity for open-label comparisons with historical controls in 
clinical trials. The reasons why treatments so often appear beneficial in comparisons with 
untreated historical controls are well-known: 

(1) individuals in a treatment trial are from a different population sample than those in 
observational studies, are often highly motivated, and receive better symptomatic and 
general treatments 

(2) historical controls are from an earlier period, and given a secular trend toward earlier 
diagnosis and ascertainment earlier in the disease course, current trial participants usually 
appear to have more stable disease status than historical controls did. This may be 
relevant to other recent restorative therapy trials with controversial analyses in which 
historical controls were used as evidence of possible efficacy.

Gene Therapy in Alzheimer Disease—It May Be Feasible,
but Will It Be Beneficial?
Lawrence S. Honig, MD, PhD

In this issue of JAMA Neurology, Rafii et al1 report the results
of a randomized clinical trial of intracerebral gene delivery in
patients with Alzheimer disease (AD). Neurodegenerative dis-

eases, of which AD is the most
common, remain a challeng-
ing frontier for medical treat-
ment. There are no preven-

tive measures, and for the millions of individuals who already
have AD, there are no disease-modifying agents to slow,
stop, or reverse progression. The primary efforts of the field
include a diverse assortment of ongoing drug trials attempt-
ing to alleviate or reduce various AD pathophysiologic pro-
cesses: amyloidogenesis, neurofibrillary change, synaptic
losses, and neuronal loss.2 While these efforts may be getting
closer to success, they have not yet reached fruition.

Meanwhile, there is a less advanced, secondary, intercur-
rent interest in restorative or regenerative strategies. Degen-
erative or destructive disorders of systemic organs, such as the
heart, liver, or kidney, can be successfully treated with trans-
plantation strategies. Such options are not available for the
brain. Thus, there is a burgeoning interest in regenerative strat-
egies on a more granular scale—via cell transfers, such as stem
cells, or via genetic material, such as viral vectors, DNA, RNA,
or antisense agents.3

The article by Rafii et al1 represents an effort to deter-
mine feasibility of helping patients with AD through intrace-
rebral gene delivery. An earlier open-label study demon-
strated the potential ability to perform such delivery.4 The
current study extended this and allowed preliminary evalua-
tion of safety and efficacy through performance of placebo-
controlled treatment (sham surgery) in 49 patients with mild
to moderate AD, using a viral vector to deliver DNA that codes
for nerve growth factor (NGF) into the brain’s nucleus basalis
of Meynert (NBM) through stereotactic neurosurgery. This trial
did not show evidence of benefit, but the investigators should
be commended for a well-planned and well-executed study.

The rationale for this trial1 was to treat the cholinergic defi-
cit in AD. In AD, the NBM, a small set of cells in the basal fore-
brain, experiences atrophy and destruction. The degeneration
of this nucleus is responsible for cortical cholinergic deficits in
AD, because the NBM magnocellular neurons project widely
throughout the frontal, parietal, and temporal neocortical re-
gions, as well to the hippocampus, an important region for
memory, and supply cholinergic input into these diverse re-
gions. In fact, it is this deficit in cholinergic tone that 3 of the
widely used US Food and Drug Administration–approved drugs
(donepezil, galantamine, and rivastigmine)5 partially amelio-

rate through central inhibition of synaptic acetylcholinester-
ase activity. Furthermore, the cells of the NBM are known to be
sensitive to the neurotrophic molecule NGF, with culture and
animal experiments showing that NGF deprivation can result
in the degeneration and death of NBM cells and that NGF ex-
posure can rescue such deprived NBM neurons or cause hyper-
trophy and increased cholinergic function in these cells.6-8 Thus,
the reasoning was that increasing NGF in the basal forebrain
might improve NBM neuronal function in patients with AD,
causing increased cholinergic function and better cognition.
Such a treatment would only be a small part of the total, be-
cause brain degeneration in AD is much more widespread, in-
volving many more structures than the NBM and many more
features than simply cholinergic dysfunction. Synaptic losses,
neuronal dysfunction, and death afflict the hippocampal re-
gion and nearly all neocortical regions, independent of cholin-
ergic status. Thus, at best, a successful intervention at the level
of NBM or cholinergic function would likely provide only a
modest symptomatic benefit, perhaps similar to that of the
approved anti-acetylcholinesterase drugs. But demonstration
of success with such a strategy might indicate potential for de-
velopment of further strategies devoted to neuronal survival
and restoration.

The trial by Rafii et al1 enrolled 49 people with AD, who
ranged in age from 55 to 80 years and had disease severity rang-
ing from mild to moderate (with Mini-Mental State Evalua-
tion scores of 17 to 26 on a 30-point scale). The trial occurred
at 10 academic medical centers over a 3-year period and had
86% participant retention. The intervention was bilateral,
stereotactically guided injection into the NBM of 2x1011 viral
genomes (in approximately 20 μL of volume) of adeno-
associated-virus-2 (AAV2) vector, which codes for expression
of full-length human nerve growth factor (NGF). The AAV2 vec-
tor is useful for delivering the genetic material of small mol-
ecules because it has a small single-stranded DNA genome of
approximately 4700 nucleotide bases;9 this can accommo-
date a small strand of complementary DNA, such as the one
encoding NGF (which has about 1000 nucleotide bases).10 The
AAV2 vector can infect nondividing cells (such as neurons),
does not kill these cells, and is not thought to engender an im-
mune response, making it a reasonable vector.9,11 This study
involved randomization to a comparison control arm: half the
research participants underwent the same processes as those
delivered drugs, but had sham surgery, receiving neither agent
(AAV2-NGF) nor placebo injections, but had neurosurgical
preparations, stereotactic frame, and partial burr holes with-
out injections. Because surgical interventions are accompa-
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Gene therapy for Parkinson Disease

 • Rigidity — Arms and legs become 
stiff and hard to move 

 • Tremors — Rapid shaking of the 
hands, arms or legs 

 • Slowed Movements — Difficulty 
starting or completing movements, 
called bradykinesia 

 • Impaired Balance — Lack of balance 
or difficulty adjusting to sudden 
changes in position 16

Current therapies for PD

Replacement therapy 
levo-dopa + carbidopa: 
long-term complications 
limiting the dose 

Deep brain stimulation: 
technically complex 

Human fetal 
mesencephalic cell 
transplantation: double-
blind controlled trials 
disappointing

Gene therapy for PD
Enhancement of DA synthesis 

Delivery of neurotrophic factors (neurturin) 

Interference with aberrant protein 
aggregation 

AAV-GAD: conversion of the subthalamic 
nucleus in an inhibitory rather than an 
excitatory structure

Brain targets in PD gene therapy



In PD, loss of DA projections from the SN to the striatum results in 
overactivity of the subthalamic nucleus. 

The subthalamic nucleus sends excitatory projections to the internal part of 
globus pallidus and the pars reticulata of the SN, which in turn inhibits 
motor output.

12 patients 
5x10^9-5x10^10 AAV2-GAD particles infused unilaterally

Results
No adverse events related to the 
gene therapy

Clinical improvement in motor 
rating

Reduction in glucose 
metabolism of the thalamus in 
the operated hemisphere

Changes of daily dose of 
dopaminergic medication

Two patients showed evidence of substantial anti-AAV2 
immunity but no changes over time, suggesting that 
vector infusion did not induce immunity against AAV2

22

Surprising findings: 
- bilateral improvement after unilateral therapy 
- improvement in best on-medication function 

Concerns: 
- absence of sham-operated control group 
- the excitatory role of the subthalamic nucleus suggests 
its role in learning: what might be the long-term effect of 
converting this nucleus from an excitatory to an inhibitory 
structure?
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BACKGROUND. We report the 12-month clinical and imaging data on the e!ects of bilateral 
delivery of the glutamic acid decarboxylase gene into the subthalamic nuclei (STN) of 
advanced Parkinson’s disease (PD) patients.

METHODS. 45 PD patients were enrolled in a 6-month double-blind randomized trial of 
bilateral AAV2-GAD delivery into the STN compared with sham surgery and were followed for 
12 months in open-label fashion. Subjects were assessed with clinical outcome measures and 
18F-fluorodeoxyglucose (FDG) PET imaging.

RESULTS. Improvements under the blind in Unified Parkinson’s Disease Rating Scale (UPDRS) 
motor scores in the AAV2-GAD group compared with the sham group continued at 12 months 
[time e!ect: F(4,138) = 11.55, P < 0.001; group e!ect: F(1,35) = 5.45, P < 0.03; repeated-
measures ANOVA (RMANOVA)]. Daily duration of levodopa-induced dyskinesias significantly 
declined at 12 months in the AAV2-GAD group (P = 0.03; post-hoc Bonferroni test), while 
the sham group was unchanged. Analysis of all FDG PET images over 12 months revealed 
significant metabolic declines (P < 0.001; statistical parametric mapping RMANOVA) in 
the thalamus, striatum, and prefrontal, anterior cingulate, and orbitofrontal cortices in the 
AAV2-GAD group compared with the sham group. Across all time points, changes in regional 
metabolism di!ered for the two groups in all areas, with significant declines only in the 
AAV2-GAD group (P < 0.005; post-hoc Bonferroni tests). Furthermore, baseline metabolism 
in the prefrontal cortex (PFC) correlated with changes in motor UPDRS scores; the higher the 
baseline PFC metabolism, the better the clinical outcome.

CONCLUSION. These findings show that clinical benefits after gene therapy with STN AAV2-
GAD in PD patients persist at 12 months.
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BACKGROUND. We report the 12-month clinical and imaging data on the e!ects of bilateral 
delivery of the glutamic acid decarboxylase gene into the subthalamic nuclei (STN) of 
advanced Parkinson’s disease (PD) patients.

METHODS. 45 PD patients were enrolled in a 6-month double-blind randomized trial of 
bilateral AAV2-GAD delivery into the STN compared with sham surgery and were followed for 
12 months in open-label fashion. Subjects were assessed with clinical outcome measures and 
18F-fluorodeoxyglucose (FDG) PET imaging.

RESULTS. Improvements under the blind in Unified Parkinson’s Disease Rating Scale (UPDRS) 
motor scores in the AAV2-GAD group compared with the sham group continued at 12 months 
[time e!ect: F(4,138) = 11.55, P < 0.001; group e!ect: F(1,35) = 5.45, P < 0.03; repeated-
measures ANOVA (RMANOVA)]. Daily duration of levodopa-induced dyskinesias significantly 
declined at 12 months in the AAV2-GAD group (P = 0.03; post-hoc Bonferroni test), while 
the sham group was unchanged. Analysis of all FDG PET images over 12 months revealed 
significant metabolic declines (P < 0.001; statistical parametric mapping RMANOVA) in 
the thalamus, striatum, and prefrontal, anterior cingulate, and orbitofrontal cortices in the 
AAV2-GAD group compared with the sham group. Across all time points, changes in regional 
metabolism di!ered for the two groups in all areas, with significant declines only in the 
AAV2-GAD group (P < 0.005; post-hoc Bonferroni tests). Furthermore, baseline metabolism 
in the prefrontal cortex (PFC) correlated with changes in motor UPDRS scores; the higher the 
baseline PFC metabolism, the better the clinical outcome.

CONCLUSION. These findings show that clinical benefits after gene therapy with STN AAV2-
GAD in PD patients persist at 12 months.

45 patients
bilateral injection
control: sham surgery
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There was no significant difference 
between groups over time in diary mea-
sures of ON time (P = 0.97), OFF time 
(P = 0.83), and ON time with LID (P = 
0.90) when assessed with RMANOVA. 
Nevertheless, using an improvement of  
1 hour as a cutpoint for diary-based ON 
times revealed a significant difference 
between the two groups. A larger per-
centage of subjects in the AAV2-GAD 
group (10 of 14, 71.4%) was catego-
rized as responders than in the sham 
group (7 of 19, 36.8%; χ2 = 3.86, P < 
0.05) (Figure 1C). Moreover, more 
AAV2-GAD subjects were classified as 
both UPDRS and ON time responders 
than sham subjects (5 of 14 [35.7%] in 
the AAV2-GAD group versus 1 of 19, 
[5.3%] in the sham group). There was 
no significant difference in diary OFF 
time, using a 1-hour improvement as a 
cutpoint (χ2 = 2.43, P = 0.12).

Imaging. In a separately published 
analysis, we found no significant differ-
ences in metabolic profiles among the 
different imaging sites, regardless of the 
scanner used (7). Voxel-based statistical 
parametric mapping (SPM) analysis of  
all FDG PET images over the course 
of the study revealed significant meta-
bolic declines (P < 0.001, uncorrected; 
SPM 2 × 3 RMANOVA) in the thala-
mus, striatum, prefrontal cortex (BA 
8/9/10), anterior cingulate cortex (BA 
23/24), and orbitofrontal cortex (BA 
47) in the AAV2-GAD group compared 
with the sham group (Table 1 and Fig-
ure 2A). In each of these areas, there 
was no difference in regional metabo-
lism between the two groups at baseline 
(P > 0.07; Student’s t tests). Moreover, 
in all of these areas except the striatum, 

baseline metabolic activity in both groups did not differ from the metabolism measured in the same areas in a 
group of age-matched healthy control subjects (P > 0.24; Student’s t tests). Striatal metabolism at baseline was 
significantly lower in the sham group compared to the healthy control group (P < 0.02; Student’s t test).

Across all time points, changes in regional metabolism were different for the two groups in all areas 
(Figure 2B; interaction effect: P < 0.005; 2 × 3 RMANOVA), with significant declines over time in the 
AAV2-GAD group (P < 0.005; post-hoc Bonferroni tests) and no changes in the sham group.

Further analysis showed that there was a significant inverse correlation between baseline metab-
olism in the prefrontal cortex and the changes in UPDRS motor scores at 6 months (Figure 3A: r = 
–0.51, P < 0.05) and 12 months (Figure 3B: r = –0.71, P < 0.003) in the AAV2-GAD group but not in 
the sham group at either follow-up time point (Figure 3, C and D: P ≥ 0.12). Such correlations were 
nonsignificant in both groups for all other regions at both 6 (P > 0.07) and 12 months (P > 0.19). No 
other baseline regional metabolism correlated with clinical outcome.

Figure 1. Clinical improvements after gene therapy. (A) Changes in mean OFF-state Unified Parkinson’s 
Disease Rating Scale (UPDRS) motor scores at baseline and 1, 3, 6, and 12 months in the AAV2-GAD (red, n = 
16) and sham (black, n = 21) groups. After surgery, the patients in both groups showed decreased scores over 
time (time e!ect: P < 0.001 by 2-way RMANOVA), with greater improvements in the AAV2-GAD treatment 
group over all follow-up time points (group e!ect: P < 0.03; 2 × 5 RMANOVA; *P < 0.05, **P < 0.01, ***P < 
0.001, post-hoc Bonferroni tests relative to baseline). (B) Changes in the duration of levodopa-induced dys-
kinesias (LID) (item 32 of the UPDRS) in the AAV2-GAD (red, n = 16) and sham (black, n = 21) groups over the 
course of the study. There was a significant di!erence in duration of LID over time between the two groups 
(interaction e!ect: P < 0.02, 2 × 5 RMANOVA). (C) Rate of responders and nonresponders at 12 months. A 
cutpoint of improvement of 9.0 points identified a significantly greater (χ2 = 5.64, P < 0.02) responder rate 
in the AAV2-GAD group (10 of 16, 62.5%) than in the sham group (5 of 21, 23.8%) at both time points. A 
cutpoint improvement of 1 hour for diary-based ON time revealed a significant di!erence between the two 
groups (χ2 = 3.86, P < 0.05), with a larger percentage in the AAV2-GAD group (10 of 14, 71.4%) categorized as 
responders than in the sham group (7 of 19, 36.8%). Two subjects each in the AAV2-GAD and sham groups 
were missing 12-month diary data and were omitted from this analysis.

Unified Parkinson’s Disease 
Rating Scale (UPDRS) 

motor score
Duration of levodopa-
induced dyskinesias
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idiopathic PD from atypical forms of  parkinsonism. Even in this study, which enrolled advanced levodo-
pa-responsive subjects meeting strict clinical criteria, we found that approximately 20% of  subjects screened 
probably did not have PD based on imaging findings. Since the misdiagnosis rate might be even higher in 
mildly affected parkinsonian subjects, these data suggest that future small early phase trials would be well 
advised to consider utilizing an objective imaging measure such as FDG PET in the screening process.

The changes in FDG PET imaging in response to AAV2-GAD may provide some insights into the 
mechanisms underlying the therapy. Notably, in the AAV2-GAD treatment group, there were dramatic 
declines in brain metabolism (in thalamus, striatum, anterior cingulate, and prefrontal cortex) not seen 
in the sham group; these changes were far removed from the surgical site and therefore likely represent 
significant functional changes related to alteration in STN activity. The decline in thalamic metabolism is 
of  particular note, as this was the primary observation in the treated hemispheres of  patients in our prior 
open-label trial of  AAV2-GAD treatment (13), and declines in thalamic metabolism would be an expected 
downstream effect of  STN suppression. Indeed, several studies have demonstrated relative increases in 
thalamic and putaminal metabolism in PD and suppression of  this activity with effective symptomatic 
therapies, such as levodopa and STN DBS (14, 15). The consistency of  the effect over time in the thalami 
of  patients in our phase I study and in the current study, along with the absence of  effect in the untreat-
ed hemispheres of  phase I patients and control patients here, strongly indicates that decline in thalamic 
metabolism is a genuine consequence of  AAV2-GAD gene therapy surgery.

We also found metabolic declines in anterior cingulate and prefrontal cortices in the AAV2-GAD 
group. According to a widely accepted model of  basal ganglia circuitry, STN modulation (whether by 
DBS or lesioning) would be expected to facilitate output of  signal projections to cortical structures (16, 
17). Nonetheless, decreased activity in the anterior cingulate cortex has been observed in both the rest-
ing state and during task activation following STN DBS (16, 18), perhaps through the disruption of  the 

Figure 2. Changes in regional metabolism after gene therapy. (A) Representative slices displaying significant changes in glucose metabolism in the thal-
amus, caudate/putamen, prefrontal cortex (BA 8/9/10), and anterior cingulate cortex (BA 23/24) in the AAV2-GAD group (n = 16) compared with the sham 
group (n = 21) after gene therapy (P < 0.001, uncorrected; SPM RMANOVA). (Increased/decreased metabolism is indicated by red/blue.) (B) Mean metabolic 
activity in these regions was plotted for the AAV2-GAD (red, n = 16) and sham (black, n = 21) groups. In all of these areas, changes in regional metabolism 
were di!erent for the two groups (interaction e!ect: P < 0.005; 2 × 3 RMANOVA), with significant declines over time only in the AAV2-GAD group (P < 
0.005; **P < 0.01; ***P < 0.001, post-hoc Bonferroni tests relative to baseline).

AAV2-GAD into STN produces motor 
improvements for at least a year

MEIRAGTx pipeline

Phase 3 trial for PD to be started in 2021 

SMA severity depends on SMN2 copy number



GT for SMA: AAV9-SMN1

Phase I, sc-AAV9

 

 
Official address  Domenico Scarlattilaan 6  ●  1083 HS Amsterdam  ●  The Netherlands 

An agency of the European Union     
Address for visits and deliveries  Refer to www.ema.europa.eu/how-to-find-us  
Send us a question  Go to www.ema.europa.eu/contact  Telephone +31 (0)88 781 6000 
 

 

27 March 2020 
EMA/163207/2020  
Media and Public Relations 

Press release 

New gene therapy to treat spinal muscular atrophy  
 
EMA has recommended granting a conditional marketing authorisation in the European Union for the 
gene therapy Zolgensma (onasemnogene abeparvovec) to treat babies and young children with spinal 
muscular atrophy (SMA), a rare and often fatal genetic disease that causes muscle weakness and 
progressive loss of movement.  

There are currently limited treatment options for children with SMA in the EU. Patients also receive 
physical aids to support muscular functions and help them and their families cope with the symptoms 
of the disease.  

Spinal muscular atrophy is usually diagnosed in the first year of life. Most patients with severe SMA do 
not survive early childhood. Patients with the disease cannot produce sufficient amounts of a protein 
called 'survival motor neuron' (SMN), which is essential for the normal functioning and survival of 
motor neurons (nerves from the brain and spinal cord that control muscle movements). Without this 
protein, the motor neurons deteriorate and eventually die. This causes the muscles to fall into disuse, 
leading to muscle wasting (atrophy) and weakness. 

The SMN protein is made by two genes, the SMN1 and SMN2 genes. Patients with spinal muscular 
atrophy lack the SMN1 gene but have the SMN2 gene, which mostly produces a 'short' SMN protein 
that cannot work properly on its own. A one-time intravenous administration of Zolgensma supplies a 
fully functioning copy of the human SMN1 gene enabling the body to produce enough SMN protein. 
This is expected to improve their muscle function, movement and survival of children with the disease. 

Treatment with Zolgensma should only be administered once in suitable clinical centres under the 
supervision of a physician experienced in the management of patients with SMA.  

EMA’s recommendation for conditional marketing authorisation is based on the preliminary results of 
one completed clinical trial and three supporting studies in patients with spinal muscular atrophy with 
different stages of disease severity. These included genetically diagnosed and pre-symptomatic 
patients.  

The clinical trial providing the main body of data for the assessment of Zolgensma was conducted in 22 
patients who were less than six months of age at the time of the gene replacement therapy with 
Zolgensma. The trial assessed the percentage of patients who had improvement in their survival (i.e. 
without the need to be permanently on a ventilator) and motor milestones, such as head control, 
crawling, sitting, standing and walking (with or without assistance).  
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The Dilemma of Two Innovative Therapies for Spinal Muscular 
Atrophy

Ans T. van der Ploeg, M.D., Ph.D.

If you have made a diagnosis of spinal muscular 
atrophy (SMA) type 1 (also known as Werdnig–
Hoffman disease) in a child, then you have vivid 
memories of informing desperate parents that 
there is nothing you can do for their child. Two 
innovative therapies for SMA may now bring some 
hope — but what do they mean for patients and 
their families?

SMA, which is one of the most common inher-
itable neuromuscular diseases, is a degenerative 
motor neuron disorder that leads to muscle atro-
phy and respiratory failure. Patients with the most 
severe form rarely survive beyond 2 years of age. 
The disease is caused by defects in the gene en-
coding survival motor neuron (SMN) 1 (SMN1), 
but a paralogous gene, SMN2, also produces SMN 
protein. SMN2 is subject to aberrant pre–messen-
ger RNA splicing, with variable skipping of exon 7, 
that leads to production of normal SMN protein 
at only 5 to 10% of the normal level. A person 
may carry several copies of SMN2; the presence 
of more copies of SMN2 leads to increased pro-
duction of normal SMN protein. This largely ex-
plains the spectrum of disease severity; affected 
patients range from weak infants to ambulant 
children and adults. The most severe and preva-
lent form of the disease is SMA type 1, which 
accounts for 60% of cases of SMA. Two studies 
presented in this issue of the Journal focus on 
SMA type 1.

The therapeutic approaches in these two 
studies have a common objective: to increase the 
production of SMN protein in motor neurons 
and thereby improve motor function and sur-
vival. Mendell et al.1 investigated the use of gene 

therapy, which involved a single intravenous ad-
ministration of nonreplicating adenovirus (scAAV9 
[self-complementary adeno-associated viral sero-
type 9]) vector that included the normal human 
SMN1 sequence. Finkel et al.2 investigated the use 
of an antisense approach that was designed to 
prevent the exclusion of exon 7 in SMN2, which 
involved repetitive intrathecal administration of 
the antisense oligonucleotide drug nusinersen. 
This multicenter, randomized, sham-controlled 
trial was preceded by several smaller, phase 1–2 
studies involving infants with SMA type 1 and 
children 2 to 14 years of age with SMA type 2 or 3 
that had generally positive results.3,4 The scAAV9 
gene therapy has not yet been approved,1 where-
as nusinersen was approved for use in children 
and adults with SMA by the Food and Drug Ad-
ministration in 2016 and by the European Medi-
cines Agency this year.2,5,6

Both Mendell et al. and Finkel et al. found 
significant improvement in motor outcomes and 
survival. In the trial of nusinersen, which enrolled 
122 infants with onset of symptoms at 6 months 
of age or younger, a significantly larger propor-
tion of infants in the nusinersen group than 
infants in the control group achieved motor 
milestones (41% vs. 0%). At a prespecified interim 
analysis, the trial was terminated. In the final 
analysis, the proportion of infants in the nusiner-
sen group who achieved motor milestones in-
creased to 51%. However, there is room for im-
provement. Of the infants who achieved motor 
milestones, only 8% could sit independently and 
1% could stand. By the end-of-trial cutoff date, 
39% of the infants in the nusinersen group and 
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tion of infants in the nusinersen group than 
infants in the control group achieved motor 
milestones (41% vs. 0%). At a prespecified interim 
analysis, the trial was terminated. In the final 
analysis, the proportion of infants in the nusiner-
sen group who achieved motor milestones in-
creased to 51%. However, there is room for im-
provement. Of the infants who achieved motor 
milestones, only 8% could sit independently and 
1% could stand. By the end-of-trial cutoff date, 
39% of the infants in the nusinersen group and 
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Nusinersen: 122 infants with onset of 
symptoms at 6 months of age or 
younger. 

Of the infants who achieved motor 
milestones (51%), only 8% could sit 
independently and 1% could stand. 
39% of the infants in the nusinersen 
group and 68% in the control group 
had died or received permanent 
assisted ventilation.  

Best results in patients who started 
treatment within 13 weeks after 
disease onset. 

scAAV9 gene therapy: 15 patients (3 
low dose, 12 high dose) 

In the high-dose group 9 patients 
were able to sit without support for at 
least 30 seconds, and 2 were able to 
crawl, pull to stand, and walk 
independently and 7 patients did not 
require ventilatory support. 

• Different study designs, hard to compare results  

• scAAV9 gene therapy may require a single i.v. infusion (difficult to 
repeat), whereas nusinersen requires lifelong repetitive intrathecal 
treatment  

• As the children grow, the phenotype may expand to affect other 
organs and tissues (do scAAV9 and antisense oligonucleotides target 
other cell types?).  

• Neither therapy currently provides a cure. One option may be to start 
treatment earlier; the NURTURE study (ClinicalTrials.gov number, 
NCT02386553) is currently investigating the effect of nusinersen in 
presymptomatic patients. Another option is to combine the two 
treatments.  

• An important constraint is the high anticipated cost of $750,000 for a 
course of nusinersen during the first year of therapy  
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Abstract
Objective
To report results of intrathecal nusinersen in childrenwith later-onset spinalmuscular atrophy (SMA).

Methods
Analyses included children from a phase 1b/2a study (ISIS-396443-CS2; NCT01703988) who
first received nusinersen during that study and were eligible to continue treatment in the
extension study (ISIS-396443-CS12; NCT02052791). The phase 1b/2a study was a 253-day,
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(ULM), 6-Minute Walk Test (6MWT), compound muscle action potential (CMAP), and
quantitative multipoint incremental motor unit number estimation. Safety also was assessed.

Results
Twenty-eight children were included (SMA type II, n = 11; SMA type III, n = 17). Mean
HFMSE scores, ULM scores, and 6MWT distances improved by the day 1,150 visit (HFMSE:
SMA type II, +10.8 points; SMA type III, +1.8 points; ULM: SMA type II, +4.0 points; 6MWT:
SMA type III, +92.0 meters). Mean CMAP values remained relatively stable. No children
discontinued treatment due to adverse events.

Conclusions
Nusinersen treatment over ;3 years resulted in motor function improvements and disease
activity stabilization not observed in natural history cohorts. These results document the long-
term benefit of nusinersen in later-onset SMA, including SMA type III.
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Not intrathecal administration but oral treatment at home
Tested in  > 450 people with Type 1, 2, or 3 SMA from 2 months to 
25 years old (also with severe scoliosis)

1) FIREFISH study (62 infants, 
2-7 months of age with Type 1 
SMA)

2) SUNFISH study (children and 
adults with type 2 or 3 SMA)

3) JEWELFISH study (people 
previously treated for SMA)
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BACKGROUND
Type 1 spinal muscular atrophy is a rare, progressive neuromuscular disease that 
is caused by low levels of functional survival of motor neuron (SMN) protein. 
Risdiplam is an orally administered, small molecule that modifies SMN2 pre–
messenger RNA splicing and increases levels of functional SMN protein.

METHODS
We report the results of part 1 of a two-part, phase 2–3, open-label study of ris-
diplam in infants 1 to 7 months of age who had type 1 spinal muscular atrophy, 
which is characterized by the infant not attaining the ability to sit without support. 
Primary outcomes were safety, pharmacokinetics, pharmacodynamics (including 
the blood SMN protein concentration), and the selection of the risdiplam dose for 
part 2 of the study. Exploratory outcomes included the ability to sit without sup-
port for at least 5 seconds.

RESULTS
A total of 21 infants were enrolled. Four infants were in a low-dose cohort and 
were treated with a final dose at month 12 of 0.08 mg of risdiplam per kilogram 
of body weight per day, and 17 were in a high-dose cohort and were treated with 
a final dose at month 12 of 0.2 mg per kilogram per day. The baseline median 
SMN protein concentrations in blood were 1.31 ng per milliliter in the low-dose 
cohort and 2.54 ng per milliliter in the high-dose cohort; at 12 months, the median 
values increased to 3.05 ng per milliliter and 5.66 ng per milliliter, respectively, 
which represented a median of 3.0 times and 1.9 times the baseline values in the 
low-dose and high-dose cohorts, respectively. Serious adverse events included 
pneumonia, respiratory tract infection, and acute respiratory failure. At the time 
of this publication, 4 infants had died of respiratory complications. Seven infants 
in the high-dose cohort and no infants in the low-dose cohort were able to sit 
without support for at least 5 seconds. The higher dose of risdiplam (0.2 mg per 
kilogram per day) was selected for part 2 of the study.

CONCLUSIONS
In infants with type 1 spinal muscular atrophy, treatment with oral risdiplam 
led to an increased expression of functional SMN protein in the blood. (Funded by 
F. Hoffmann–La Roche; ClinicalTrials.gov number, NCT02913482.)

A BS TR AC T

Risdiplam in Type 1 Spinal Muscular 
Atrophy

Giovanni Baranello, M.D., Ph.D., Basil T. Darras, M.D., John W. Day, M.D., Ph.D., 
Nicolas Deconinck, M.D., Ph.D., Andrea Klein, M.D., Riccardo Masson, M.D., 

Eugenio Mercuri, M.D., Ph.D., Kristy Rose, Ph.D., Muna El-Khairi, Ph.D., 
Marianne Gerber, Ph.D., Ksenija Gorni, M.D., Ph.D., Omar Khwaja, M.D., Ph.D., 
Heidemarie Kletzl, Ph.D., Renata S. Scalco, M.D., Ph.D., Timothy Seabrook, Ph.D., 

Paulo Fontoura, M.D., Ph.D., and Laurent Servais, M.D., Ph.D.,  
for the FIREFISH Working Group*  

Original Article

The New England Journal of Medicine 
Downloaded from nejm.org by serena zacchigna on May 20, 2021. For personal use only. No other uses without permission. 

 Copyright © 2021 Massachusetts Medical Society. All rights reserved. 

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med 384;10 nejm.org March 11, 2021 915

The authors’ affiliations are listed in the 
Appendix. Address reprint requests to 
Dr. Baranello at  g . baranello@  ucl . ac . uk.

*A complete list of the investigators in 
the FIREFISH Working Group is pro-
vided in the Supplementary Appendix, 
available at NEJM.org.

This article was published on February 24, 
2021, at NEJM.org.

N Engl J Med 2021;384:915-23.
DOI: 10.1056/NEJMoa2009965
Copyright © 2021 Massachusetts Medical Society.

BACKGROUND
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which represented a median of 3.0 times and 1.9 times the baseline values in the 
low-dose and high-dose cohorts, respectively. Serious adverse events included 
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of this publication, 4 infants had died of respiratory complications. Seven infants 
in the high-dose cohort and no infants in the low-dose cohort were able to sit 
without support for at least 5 seconds. The higher dose of risdiplam (0.2 mg per 
kilogram per day) was selected for part 2 of the study.

CONCLUSIONS
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led to an increased expression of functional SMN protein in the blood. (Funded by 
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